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ABSTRACT
INTERACTIONS BETWEEN PROTOZOAN PREY (PHYLUM PROTISTA) AND
THEIR MOSQUITO PREDATORS (ORDER DlPTERA, FAM[L Y CULICIDA E).
PREY SIZE AND PREDATOR BEHAVIOR EFFECTS
by Jeffrey Jay Skiff
May 2013
Mosquitoes (Diptera. Culicidae) are insects that are medicall y important as adults
as they vector numerous diseases. Yet, understanding the eco logy of the larval stage can
lead to surveillance and control of adult populations. Aedes albopictus, Aedes triseriatus,

Cu/ex corona/or, and Culex quinquefasciatus are four species of mosquito that co-occur
in

discarded automobile tires. Mosqui-to larvae feed on microorganisms (including

protozoans) and particulate organic matter Most larval feeding experiments. howt:ver,
have dealt exclusively with bacteria, fungi , and particulate organic matter Although
bactena and fungi are important sources of nitrogen and lipids, they may be 111sufficient
sources of carbon, which may be supplied by protozoans. The importance of protozoans
to mosquitoes is not fully understood. I investigated the interactions between protozoans
and mosquitoes based on predator behavior and size selection. I investigated the effect
protozoans had when added with bacteria on mosquito larvae performance compared to
bacteria alone. There were no siginificant differences for either species in survival.
development time, or adult mass between mosquitoes that were fed protozoans or not. I
investigated differences m larval behavior between four species of mosquito larvae.
Differences m feeding behaviors were significantly greater between genera than within
genera, but Culex corona/or shared similar non-feeding behaviors as the two Aedes
II

species. [ investigated the differences in larval survival and mean instar in the presence of
three genera of protozoans (Paramecium, Blepharisma, and Colpidium) that represented
two size classes. There were no significant differences in survival or mean instar between
the seven prey combinations for either species, and the mosquito larvae did not seem to
have a preference for one of the prey combinations over the others. My results show that
protozoans do not seem to add any value to mosquito larvae, but protozoans may be more
important to mosquitoes than just survival, mass, or development time.
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CHAPTER I
rNTRODUCTION
Problem Statement
Predator-prey interactions are important for influencing population patterns m
natural systems (Sih et al. 1998). Models for predator-prey interactions began appearing
in the literature in the mid 1930s and have expanded our understanding of the distribution
and abundance of animal populations (Hassell 1978). Predators affect prey by either
direct (linear) or indirect (non-linear) effects (Cochran-Stafira and von Ende 1998, Sih et
al. 1998, Schmitz and Suttle 2001, DeWitt and Langerhaus 2003, Schmitz 2007, Wesner
20 10). Direct effects occur when the predator consumes the prey (Brand et al. 1976, Yan
et al. 2002, Kneitel and Chase 2004, Bruno and Cardinale 2008, Nilsson et al. 2008)
whereas indirect effects may occur when the predator causes the prey to change its
behavior (Juliano and Reminger 1992) or its morphology (Krueger and Dodson 198 1,
Dodson 1988, McCollum and Leimberger 1997, Kaufman et al. 2002). Such
morphological changes may allow prey to survive via decreased handling effic iency of
prey by predators or by making them harder to digest (Kaufman et al. 2002).
Predator-prey interactions are one of many processes that can affect the
populations of adult and larval mosquitoes. Mosquitoes have a terrestrial adult phase and
an aquatic larval phase, with individuals of both life history phases being important
members of their respective food chains. As adults, female mosquitoes exploit blood
meals from various hosts (i.e., humans and domestic and w ild animals). allowing for the
transfer of pathogens and parasifes that cause disease (e.g. , malaria, West Nil e. dengue
fever, dog heartworm, Beemtsen et al. 2000, Clements 1992). However. despite the
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propensity for disease transmission, specific ecological and physiological thresholds (i.e. ,
abundance, life expectancy, feeding rate, and vector competence) are important effects o n
the mosquito's ability to act as a vector for particular pathogenic organisms (Clements
1992, Gullan and Cranston 2010). Numerous strategies have been developed to control
adult populations, such as the use of pheromones, genetic manipulations, growth
inhibitors, plants; and water manipulations (Chapman 1974), however the ecology and
biology (i.e., feeding behavior, larval nutrition) of the aquatic larval is often an
overlooked aspect for vector control.
Mosquito larvae feed on microorganisms and particulate organic matter. Feeding
ex periments involving mosquito larvae are more heavily skewed to how the mosquito
larvae feed on bacteria and particulate organic matter (e.g. , Thiery et al. 1991 . Kaufman
et al. 2002). However, it has been shown that fungi and bacteria, although important for
nitrogen and lipids, may be insufficient in terms of carbon, which may be supplied by
protozoans or other food resources (Kaufman et al. 200 1). Thus, investigating the
importance of protozoans to mosquitoes may lead to a greater understanding of larval
nutrition.
Mosquitoes and protozoans interact within the same food webs. where protozoans
often serve as the food source for mosquitoes. Mosquitoes have been shown to have
negative effects on protozoan populations in container systems (Addicott 1974, Kurihara
1983, Walker et al. 1991 , Pace et al. l 999, Kaufman et al. 2000, Blaustein and Chase
2007. Ostman et al. 2008, Hoekman 20 11 ). Mosquitoes can have multiple effects on
populations, which in turn may affect the dynamics on predator-prey interactions. For
example, the abundance of certain species of protozoans and their overall richness
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increased when resources were added but decreased with increasing numbers of predators
(e.g., mosquitoes), while other species of protozoans were unaffected by either resources
or predation (Kneitel and Miller 2002, Hoekman 2007, Kneitel 2007). Although the
effects of mosquitoes on protozoans can be substantial, little work has quantified the
importance of protozoans to mosquito growth.
Mosquitoes can also serve as vectors for protozoans that cause disease. One of the
most studied interactions between mosquitoes and protozoans is the interaction between
the mosquito genus Anopholes and the protozoan genus Plasmodium. These mosquitoes
serve as a vector for the protozoan that causes malaria in mammals (including humans),
birds, and lizards (Gullan and Cranston 2010). Five species of Plasmodium cause human
malaria, all of which are transmitted by mosquitoes within the genus A nopholes, and all
five species induce extremely different symptoms (Gullan and Cranston 2010). Thus, not
only can protozoans be beneficial to mosquito larvae, protozoans can also be harmful to
mosquito larvae.
These various interactions between mosquitoes and protozoans likely have major
effects on the populations of both organisms. Protozoans could potentially be a major
food source for mosquitoes, and because of this mosquitoes could potentially lose mass,
have lower survival, and longer development time while developing in the absence of
protozoans. Similarly, populations of protozoans could potentially outcompete other
microorganisms in the absence of mosquito predation. Protozoans also have considerable
effects on bacterial and rotifer composition and abundance (Murase et al. 2006, Hoekman
20 11 ). The presence of protozoans, however, could potentially regulate populations of
mosquitoes because certain genera cause infections in mosquitoes (Becnel and Howell
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2011 ). Without mosquitoes, disease causing protozoans (i.e. , Plasmodium) would not be
able to complete their life cycles, and as such, this interaction between them is important
for the protozoan. Thus, the interactions between protozoans and mosquitoes could
potentially be important for both organisms.
Study Organisms

Mosquitoes
Taxonomy
Mosquitoes are in the fami ly Culicidae within the order Diptera (suborder
Nematocera). Like all Diptera, mosquitoes possess one pair of wings, with the hind wings
being modified into special structures called haltares (Bland and Jaques 1978, Clements
1992). These structures aid in fli ght coordination and agility. Mosquitoes are
distingui shed from other dipterans by the presence of scales on the wings and body, by
the presence of a long proboscis, slender antennae with six flagellomeres, three to fi ve
maxillary palp segments, and long legs and wings that allow the mosquito to be
aerodynamically stable (Bland and Jaques 1978, Clements 1992, Gullan and Cranston
2010).

Life History
Mosquitoes have four distinct life stages (egg, larvae, pupae, and adult) with each
life stage having a unique ecology (Clements 1992). The larval and the non-feeding
pupal stages are both aquatic; the adults terrestrial. Males and females differ in the
feeding habit only during the adult phase, where females will take a blood meal in order
to produce eggs. These differences in habitat, feeding, and food resources allow for
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greater resource exploitation and better survival compared to organisms that share the
same niches as juveniles and adults (i.e., Hemiptera).
Female mosquitoes lay 50 to 500 eggs at a time on the surface of the water or
along the edge of the water line (Clements 1992). Eggs are laid singly (e.g., Aedes) or in
rafts (e.g., Cu/ex). The eggs are protected by an egg shell , and the eggs of some species
are resistant to desiccation and can survive days to years out of water (Clements 1992).
Larvae hatch within one day to weeks depending on the species and temperature
(Clements 1992). Larvae are aquatic and typically inhabit stagnant freshwater or natural
or man-made container systems (e.g., tires, tree holes). Larvae are legless with a well
developed head (a characteristic of the suborder), and most species exchange gasses via a
posterior siphon (Clements 1992). ·
Unlike most insect pupae, mosquito pupae are mobil e a nd lack a siphon for
respiration but possess "respiratory trumpets" (pg. xvi) on the mesothorax (C lements
1992). When the mosquito is ready to emerge, the pupa engulfs a large amount of air that
forces a split down the mesothorax (Clements 1992). The adult slowly emerges out of the
exuvia, and sits on top of the water surface before flying off (Clements 1992).
Adult mosquitoes are terrestrial with a proboscis that both sexes use for nectar
feeding; it is also used by females for blood feeding. Female mosquitoes find hosts by
sensing body odor, carbon dioxide, and heat (Clements 1999). Some species are highly
specific in their choice of hosts, whereas other species are generalists (C lements 1992).
For example, most Aedes mosquitoes feed primarily on mammals and most Cu/ex
mosquitoes feed primarily on birds (Clements 1992); however, some Cu/ex species (e.g.,
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Cx. coronator) will feed on multiple hosts (i.e., birds and mammals [including humans];
personal observation).

Species Selection
The species that I have selected are the most abundant species found in containers
in the southern U.S. generally (Yee 2008) and central Mississippi specifically (Yee et al.
2012). A study conducted in 2009 across two tire sites in Hattiesburg, Mississippi found
that Ae. albopictus was the most abundant species overall and the most abundant Aedes
species, Aedes triseriatus was the fourth most abundant species and the second most
abundant Aedes species, Cu/ex quinquefasciatus was the second most abundant species
and the most abundant Culex species, and Cx. coronator was the sixth most abundant
species and the third most abundant Culex species (Yee et al. 2012).
I will be using the species of mosquitoes outlined above for four reasons. First all
are medically important in that they transmit numerous diseases to various hosts,
including humans. Second they are ecologically important as food sources for other
organisms (e.g., spiders, birds, bats). Third, two out of the four species are new invasive
mosquito species in the southeast (Ae. albopictus in 1985; Cx. coronator in 2002) and
have or might have impacts on native ecosystem. Finally, all four species commonly
occur in tires in Mississippi (Yee et al. 2012), which is my focal system. I chose three
protozoan genera (Paramecium, Blepharisma, Colpidium) because they represent two
prey sizes and similar species have been shown to be preyed upon by mosquitoes

(Paramecium aurelia; Maguire et al. 1968, Eisenberg 2000). All three protozoan genera
have been found in tires in the southeast (Yee et al 2012).
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Study Species
Cu/ex coronator belongs to the subfamily Culicinae and the tribe Culicini
(Clements 1992). Its endemic range extends from Argentina to the southwestern U.S.
(Texas, Arizona, and New Mexico; Goddard et al 2006). Since 2002, its range has
expanded to Oklahoma, Louisiana, Mississippi, Alabama, Florida, Georgia, South
Carolina, and North Carolina (Gray et al. 2008, Yee and Skiff, under review). Cu/ex

coronator is a species that breeds in permanent and temporary ponds, stream-associated
habitats, abandoned swimming pools, as well as natural and urban containers (Debboun
et al. 2005). Although this species is found in containers in the southeastern U.S. (Yee et
al. 2012), individuals in their endemic habitat prefer sunny or shady pools (Arnett, 1950).
Peaks in population densities of this ·species occur in mid to late summer (Buckner et al.
20 11 ).
Unlike most Cu/ex species that prefer bird hosts, Cx. coronator females prefer to
feed on mammals (especially white-tailed deer [Odocoileus virginianus]; Gray et al.
2008, Mackay et al. 2010). Females lay 50-100 eggs in a single raft on the surface of
water bodies. Culex corona/or is a vector for St. Louis encephalitis in its expanding range
(Hammon and Reeves 1943, Gray et al. 2008), and Venezuelan equine encephalitis
(Sudia and Newhouse 1975, Turell et al. 2000), St. Louis encephalitis (Beadle et al.
1957), and possibly West Nile (Bolling et al. 2005) in its endem ic range.
Because Cx. corona/or is a relatively new invasive mosquito in the southeastern
U.S., little is known about the competitive effects of this species on native and invasive
mosquito species. Experiments on competitive interactions of Cx. coronator with two
other container species, Cx. quinquefasciatus and Ae. albopictus have shown that Cx.
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coronator exhibits decreased survivability and increased development time in the
presence of Ae. albopictus (Yee and Skiff, under review). In addition, the presence of Cx.

coronator caused a decrease in the mass of female Ae. albopictus, whereas there was no
affect on Cx. coronator survival or development time when reared with Cx.

quinquefasciatus or vice versa (Yee and Skiff, under review) .
The Asian tiger mosquito (Aedes albopictus) belongs to the subfamily Culicinae
and to the tribe Aedini (Clements 1992). Although endemic to tropical Asia, Ae.

albopictus has become distributed throughout every continent except Australia and
Antarctica (Hawley et al. 1988, Paupy et al. 2009), and is the most common container
species in the southern U.S. (Yee 2008). Introduction of Ae. albopictus into the U.S.
occurred in 1985 due to egg infestation in a shipment of automobile tires (Hawley et al.
1988). Aedes albopictus is a container specialist that has the ability to use many different
types of containers, from natural tree holes and bamboo internodes to man-made
containers such as tires and cemetery vases (Paupy et al. 2009). The species originated as
a forested species, but has since begun to use urban environments and is highly
associated with humans (Hawley et al. 1988, Paupy et al. 2009). Thus, the use of urban
environments has allowed for increased opportunity and diversification of hosts, breeding
containers. and global range expansion.

Aedes albopictus females Jay their eggs singly along the inside of a container just
above the water line; eggs hatch when they become submerged. Additionally, some
females can lay eggs from one batch in multiple containers (i.e. , skip oviposition). The
eggs are able to withstand desiccation (Hawley 1988), an ability that likely led to the
introduction of Ae. albopictus to the U.S. Female Ae. albopictus primarily feed on
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mammals however they will opportunistically feed on other organisms if available. This
species is one of the most medically important invasive species due to it being a major
worldwide vector for the dengue virus and a secondary vector of the West Nile virus
(Paupy et al. 2009).
The southern house mosquito (Cu/ex quinquefasciatus) belongs to the subfamily
Culicinae and the tribe Culicini (Clements 1992). Cu/ex quiquejasciatus is widely
distributed in urban areas in subtropical and tropical areas of the world, including the
U.S., Japan, and Africa (Subra 1981 , Vinogravadora 2000). Although Cx. quiquefasciatus
was first discovered in the U.S., based on genetic similarity between African and U.S.
specimens, it actually was likely introduced from Africa prior to its discovery
(V inogravadora 2000). Culex quinquejasciatus is found in container habitats in areas
below 36 °N where it is the dominant Culex species and the most dominate spec ies if no
competing Aedes species is present (Vinogravadora 2000).

Culex quiquefasciatus, like Cx. corona/or, lay their eggs on the water surface in
rafts (mean of 155 eggs/raft; Subra 1981 ). Females that feed on birds (primary host) lay
more eggs than females that feed on mammalian hosts, including humans (S ubra 198 1).
Females lay their eggs in aquatic habitats with high nutrients. The larvae are highly
pollution tolerant, even being found in the water inside septic tanks (Subra 1981). Cu/ex

quiquefasciatus is a major vector of bancroftian filariasis, West Ni le virus (in India), and
St. Louis encephalitis virus (Subra 198 1).
The eastern tree hole mosquito (A edes triseriatus) belongs to the subfam ily
Culicinae and to the tribe Aedini (Clements 1992). This species is endemic to North
America, and is a common mosquito in containers (i.e., tree holes; Livdahl and Willey
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1991) but also is considered one of the most common species encountered in tires in the
eastern U.S. (Yee 2008). Females feed on mammals, including humans, with peak blood
feeding of females in the northern U.S. and Canada occurring between June and
September (Loor and Defoliart 1970). Aedes triseriatus, like Ae. albopictus, lay eggs
singularly above the surface of the water, and larvae hatch after the eggs become
submerged. This species is a major vector of the Lacrosse encephalitis virus (Watts et al.
1973), a bridge vector for the West Nile virus, and could possibly be a vector for eastern
equine encephalitis (Williams et al. 2007).

Protozoans
Taxonomy
Protozoans are the most ancient group of eukaryotes, and these organisms have
been extensively studied since late 1ih century (Pennak 1953). The Kingdom Protista is
divided into for sub-phyla, Ciliophora, Sporozoa, Cnidospora, and Sarcomastigophora
(Sleigh 1973 ). There are - 2 13,000 species of protozoans, with photosynthetic protozoans
accounting for about 40% of the global photosynthesis (Corliss 1997). Because most of
the organelles and the cytoplasmic structures found in other eukaryotes are also found in
protozoans, protozoans have been studied for their relationship to other animals (Pennak
1953, Sleigh 1973).

Life History
Protozoans are found in a wide range of aquatic habitats including ponds, lakes,
rivers, and some marine environments, and range from free-living (e.g., Paramecium) to
parasitic (e.g., Plasmodium; Pennack 1953). Although protozoans are single-celled
organisms, some will form colonies (Jahn and Jahn 1949, Pennak, 1953). Protozoans
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range in size from 5 µm to 5 mm, yet with most 30 µmin size (Pennak 1953). Most
protozoans are aerobic and absorb oxygen through their cell membrane, yet many aerobic
protozoans are found in anaerobic locations (Pennack 1953).
Protozoans obtain nutrition either from photosynthesis, diffusion through the
body, active transport through the body, or phagocytosis and pinocytosis (Sleigh 1973).
Phagotrophic forms can either be food specialists or omnivorous. Omnivorous protozoans
obtain their food by actively searching or by "fishing" for prey using cilia or flagella to
create water currents (Sleigh 1978). Protozoans reproduce by mitosis and binary fission
in free-living protozoans, syngamy (where certain vegetative cells become gametes) in
some colonial protozoans, and budding, conjugation, and autogamy (the fusion of
gametes or gametic nuclei from the same gamont; Sleigh 1978) in some individuals
(Pennack 1953).

Study Species
Ciliates are a class of protozoans that belong to one of four subphyla of
protozoans (Cilliophora; Pennak 1953), and are important bioindicators of water quality
(Foissner and Berger 1996). Most ciliates are characterized by having two types of
nuclei, rows of cilia used for locomotion, the sexual process of conjugation, and a
basically equatorial division plane in binary fission (Jahn and Jahn 1949. Pennak 1953,
Sleigh 1973). The two types of nuclei include a macronucleus and a micro nucleus, with
the latter often being greater in number (Sleigh 1973). All three of the protozoans I plan
to use for my experiments are members of the ciliates (Blepharisma, Colpidium, and

Paramecium) and can be found in containers (Yee et al. 2010).
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Blepharisma is a genus of medium to large protozoans ( 110 µm ) belonging to the
suborder Heterotrichida within the subclass Spirotrichia (Sleigh 1973). Certain members
of Blepharisma appear pink when viewed under a microscope, and contain three types of
ciliary organelles, and free cilia, adoral cilia, and an undulating membrane (Jahn and Jahn
1949). I plan to use Blepharisma steini, which is oval and elongate in body form, and
moves at a moderate speed through the water column (Jahn and Jahn 1949). Blepharisma
appears to be able to feed at multiple trophic levels, but the abundance of Blepharisma
increases when the protozoan is feeding at a higher trophic level within a system (Lawler
and Morin 1992).

Paramecium is a genus of medium sized protozoans (100 µm) belonging to the
order Trichostomatida within the subclass Holotrichia (S leigh 1973). Paramecium is one
of the most well known genera of protozoans used in research and in science classrooms
(Jahn and Jahn 1949). Parameciums are oval in shape, are uniformly ciliated, and have an
oral groove and two contractile vacuoles (Jahn and Jahn 1949). I will be using

Paramecium caudatum, which is cylindrical and pointed posteriorly, and contains a
macronucleus (Jahn and Jahn 1949).
The smallest genus I will use, Colpidium (50-70 µm ), belongs to the order
Hymenostomina within the subclass Holotrichia (Sleigh 1973). Colpidium has only one
undulating membrane (Jahn and Jahn 1949). Colpidium has been shown to reduce
predation on certain bacteria, where decreasing the numbers of Colpidium caused the
bacteria to be preyed upon by other protozoans (Sleigh 1973).
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Objectives
The objectives of this research are to better understand the interactions between
mosquito larvae and their protozoan prey, and larval feeding behavior and competition,
and how the size of the protozoan prey affect these interactions. To accomplish these
objectives, I have designed experiments to answer the following questions: l) Do
protozoans provide unique nutritional requirements for container mosquito larvae, 2) Are
there differences in feeding behavior between and within genera of mosquitoes, 3A) do
differences in protozoan size affect larval survival and 38) do differences in protozoan
size affect mean larval instar?
Significance of Study
This study will further demonstrate the nature of predator-prey interactions in
aquatic insects. Results will lead to a better understanding of how a predator's behavior
and the environment' s complexity may lead to changes in prey and predator survival.
Other findings may also lead to an understanding of size selection of prey, impacts on
food webs, and other relationships between the predator and the prey. More specifically,
this study will also further determine the nature of interactions between protozoans and
larval container mosquitoes. Results may lead to a better understanding of differences in
larval feeding behavior and how these differences affect the survival of mosquito larvae.
Other findings may lead to understanding if protozoans affect larval competition, which
in tum may help to understand changes in size and structure of mosquito populations.
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CHAPTER II
THE EFFECT OF PROTOZOANS ON LARY AL CONTAINER MOSQUITO
PERFORMANCE
Introduction

Predator-Prey Interactions
For predator-prey interactions, it is not only important to study the abundance of
prey along with their predators, but it is also important to consider the quality of the prey
as well. In systems where prey abundance is more important than quality, a predator will
either choose territories where the abundance or biomass of the prey is highest (Burke
and Nol 1998) or prey heavily on the species that are the most abundant (Toll it et al.
1997). Prey quality may include the amount of nutrients it provides to a predator as well
as other factors compared to other equally nutritious prey (i.e. , less handling time;
Hopcraft et al. 2005). One would assume that predators would always prefer to feed on
the more abundant and better quality prey, but this is not always the case. For example,
Gremillet et al. (2004) found that marine cormorants (Phalacrocorax carbo) fed on less
abundant, low quality sculpins (Myoxocephalus scorpioides, Gymnachanthus tricuspis),
even when more abundant, high quality capelins (Mallotus villosus) were available.
Capelins have a strong spatial-temporal variability, in which large numbers of the fish are
only available to predators during the fish's breeding season (Carscadden and
Vilhjalmsson 2002). Thus, Gremillet and hi s colleagues (2004) concluded that the
cormorants tended to feed on the more reliable prey (sculpins). The dynamics of quality
versus abundance may also have impacts on the populations of the predator. Nelson et al.
(200 I) found that population dynamics of Daphnia would change based on whether the
prey was abundant or high in quality. The value of a prey individual may not only be for

II
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survival but also for development, sequestering nutrients not supplied by other prey (i.e.,
carbon vs. nitrogen), or the acquisition of mass. Thus, the quality or abundance of prey
may be paramount to the predator depending on the system.

Mosquito Larvae Nutrition
Classic work on the mosquito Aedes aegypti provided insight into the general
nutritional requirements of mosquito larvae (De Meillon et al. 1945, Golberg et al. 1945,
Golberg and De Meillon 1948a, 1948b). Although these experiments have laid some
groundwork in identifying the nutritional requirements of mosquito larvae, certain
requirements (i.e., nucleic acids and lipids) are not fully understood (Merritt et al. 1992).
More recent experiments produced more information on essential amino acids, minerals,
sugars, vitamins, and nucleotides thar are needed by mosquito larvae (Merritt et al. 1992).
Although the nutritional requirements of mosquito larvae have been explored. additional
work could reveal the nature of the complete nutritional requirements and the sources of
those nutrients.

Mosquito Larval Feeding
Mosquito larvae primarily feed on microorganisms and on particulate organic
matter, either via browsing or fi ltering with the use of bristle-like mouthparts (Merritt et
al. 1992). Mosquitoes and protozoans are part of the same container food webs (including
man-made and natural contai'ners), where protozoans often serve as a food source for
mosquitoes as well as a competitor for other food resources (i.e., bacteria; CochranStafira and von Ende 1998, Kneitel and Miller 2002). Predation by mosquitoes affects
protozoan populations, which in turn can have effects on other predator-prey interactions
in container systems. For example, the abundance of certain species of protozoans and
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overall protozoan richness within containers increased when resources were added but
decreased with increasing numbers of predators (e.g. , mosquitoes), while other protozoan
species were unaffected by either resources or predation (Kneitel and Miller 2002,
Hoekman 2007, Kneitel 2007).
Examinations of larval mosquito feeding behavior tend to focus on bacteria and
particulate organic matter (e.g., Thiery et al. 1991 , Kaufman et al. 2002). Mesocosum
studies of grazing by mosquito larvae have provided some evidence that protozoan
composition and abundance can be affected by larval mosquitoes (Addicott 1974, Pace et
al. 1999, Kaufman et al. 2000, Blaustein and Chase 2007, Ostman et al. 2008, Hoekman
2011 ). However, little work has been done on the importance of protozoans within
container habitats (Kaufman et al. 1999). Yet, fungi and bacteria, although important for
nitrogen and lipids, may be insuffic ient in terms of carbon, which may be supplied by
protozoans or other food resources (Kaufman et al. 1999, Kaufman et al. 200 I).
Protozoans may also supply the larvae with an additional source for essential lipids
(Kaufman et al. 2000).

Objective and Hypothesis
In this chapter, my objectives were to determine if protozoans (with or without
additional food types) provide unique resources to meet the nutritional demands that
affect the development time, survival, and adult mass (hereafter performance) of
container mosquito larvae. I hypothesized that protozoans affect the nutritional
requirements of mosquito larvae. Based on current knowledge, I predicted that
protozoans have a positive additive effect on mosquito larva performance when added
with bacteria and an additional food source as compared to bacteria alone. I also
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predicted that protozoans have a positive additive effect on larval survival alone when
added with just bacteria as compared to bacteria alone.
Methods

Mosquito Rearing
Mosquito larvae of all species (Aedes albopictus, Aedes triseriatus, Culex

coronator, Cul ex quinquefasciatus) were collected from a variety of aquatic habitats
(e.g., tires, pools, tree holes) from across the states of Mississippi and Florida, based on
specific habitat requirements for each species. Larvae were used to establi sh lab colonies
to generate adults used to produce larvae for all experiments.
Larvae were collected from the field and were identified to species using Darsie
and Ward (2005). Larvae were raised· in shoeboxes (3 0.5 x 15 cm), or small (3 1 x 23 cm)
or large trays ( 42 x 28 cm) depending on number ofl arvae. In all cases reverse osmosis
(RO) water (4 cm deep for Culex; 1.5 cm deep for Aedes) with nutrient broth was used as
a hatching medium and pans were placed within an incubator set on a 12: 12 hr day:night
cycle. Larvae were reared on Puri na® Puppy Chow® and brewer's yeast.
Co lonies were maintained in 27 qt. Sterlite® latch boxes (41.9 x 33 x 3 1.1 cm) or
wooden cages ( 16 x 20 x 21) with a stocking sleeve for access. The adults were given a
cotton pad soaked with a 10% sucrose solution for nourishment. Adults females were
blood fed with anesthetized guinea pigs (IACUC # 11092207) or quai l (IACUC
# 11092207).

Mosquito Larvae Collecting
For Experiment 1, Culex coronator larvae (lab) came from egg rafts produced
from colonies that were originally collected in Indian River County, Florida in the
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summer of 2011. Aedes afbopictus larvae (f 1) were produced from colonies originally
collected from tires no further than 145 miles from Hattiesburg, Mississippi.
For Experiment 2, Cufex coronator and Aedes afbopictus larvae were obtained
from the same colonies as mentioned in Experiment 1. Culex quinquefasciatus larvae (F4 )
came from egg rafts produced from colonies that were originally collected in Hattiesburg,
Mississippi. A third species (Cx. quinquefasciatus) was chosen in order to compare
species of different genera as well as within genera. Larvae in both experiments were
hatched in 1000 ml of reverse osmosis (RO) water with 0.45 grams of nutrient broth.

Performance (Experiment I)
Water was collected from containers (e.g. , tires) at the Lake Thoreau
environmental center, located approximately five miles west of the USM campus in
Hattiesburg, MS. Container water was strained using a 250 µm sieve and I 00 ml were
allocated into twenty 100 ml tripour beakers (Bacteria + Protozoans; hereafter BP).
Additional container water was strained through a 53 µm sieve and added to another
twenty 100 ml tripour beakers (Bacteria Only; hereafter BO). Ten larvae (one species per
beaker) were added to each beaker (hereafter, microcosms) for both treatment levels (BO,
BP). Microcosms were placed into trays with twenty microcosms per tray and placed into
an incubator (20 °C; 12: 12 light:dark cycle); trays were rotated daily to homogenize
within incubator variation.
Water in all of the microcosms was re-sieved every 3-6 days to remove
protozoans that may have been small enough to pass through the initial sieve. In order to
reduce the chances oflarval mortality, 0.0 l grams of a l: l Lactalbumin-yeast mixture
was added to the microcosms seven days after the start of the experiment, and 0.005
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grams of the mixture was added to the microcosms once every 5 days thereafter. Reverse
osmosis water (RO) was added to the microcosms when needed to maintain the water
level at 100 ml. Pupae were removed daily an? allowed to eclose in individual glass shell
vials. Once emerged, species and sex identifications were made and the adult mosquitoes
were placed in a drying oven set at 50 °C for at least 48 hours
Larval survival, larval development time, and adult mass were compared between
BP and BO treatment levels. Larval survival was analyzed by assessing the number of
larvae that survived to pupation. Larval development time was analyzed by the amount of
time it took an individual to reach adulthood . Adult mass was measured to the nearest
0.0001 g using a XP2U ultra-microbalance (Mettler-Toledo Inc., Columbus, OH, U.S.A).
Each species (2) and food combination (2) was replicated 10 times for a total of 40
experimental units. Larvae within the first seven replicates of Cx. Coronal or were
hatched on the first day of the experiment, while larvae within the last three were hatched
on the second day of the experiment.

Statistical Analysis
Before conducting parametric tests, a Shapiro-Wilk test was conducted in order to
test the assumptions of normality, and a Bartlett' s test was conducted to test the
assumption of homogenous variances. For statistical tests on development time and mass,
the alpha level for significance was set at 0.025 to reduce the likelihood of committing
type I error due to running multiple tests on the same data set.
For statistical analysis, multivariate analysis of variance (MANOVA) was used to
test for effects of treatment (BO, BP) on development time and adult dry mass for Ae.

albopictus. Standardized canonical coefficients were used to identify the dependent
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variable(s) responsible for significant MAN OVA effects (Scheiner 2001 ). An analysis of
variance (ANOV A) was used to test for effects of treatment on development time and
adult dry mass for male and female Cx. coronator separately. An ANOV A was chosen
over a MANOVA for Cx. coronator because few microcosms produced both males and
females. An ANOV A was used to test for effects of treatment on s urvival for both
species.

Survival (Experiment 2)
The collection and preparation of the microcosm water was the same as in
Experiment 1, except that water within the microcosms was changed four times (i.e.,
every 3-5 days for the first 17 days of the experiment). In this experiment, additional food
was not added periodically to microcosms because changing the water was equivalent to
adding new food. One larvae of each species, separately, was added to each beaker across
all treatment levels (BO; BP). Each species (3) and food combination (2) was replicated
20 times for a total of 120 experimental units.
Microcosms were placed into trays with forty-five microcosms per tray and
placed into an incubator (20 °C; 12: 12 light:dark cycle); trays were rotated daily to
homogenize within incubator variation. Larval survival was analyzed daily by assaying
movement to determine whether the larvae were still alive. Movement by larvae was
initiated by either moving the water within the microcosm, taking a pipette and touching
the larvae, or by handling the microcosm trays in general. Survival was compared
between BP and BO treatment level s. The experiment was run for 40 days, and remaining
individual larvae that were alive were counted and identified to instar.

Statistical Analysis
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Before conducting parametric tests, a Shapiro-W ilk test was conducted in order to
test the assumptions of normality, and a Bartlett's test was conducted to test the
assumption of homogenous variances. For statistical tests on survival , the alpha level for
significance was set at 0.025 in order to reduce the likelihood of committing a Type I
error due to running multiple comparison tests on the same data set.
For statistical analysis, the day of death for each larva was recorded. Longevity
for the three species in the different treatment levels was analyzed using a Failure-Time
analysis (PROC LIFETEST, SAS Institute 1990; Allison 1995). This analysis accounts
for censored observations (i.e., larvae alive at the end of the experiment). To compare
between species and treatments, a full model was analyzed, along with three reduced
models (each species with either food·combination).
Results

Performance (Experiment 1)
The survival data for both Aedes albopictus and Culex coronator was transformed
using a (X+ 1)2 transformation to meet assumptions. There was no significant interaction
between species and treatment (F 1.36 = 0.290, P = 0.594) or treatment alone (F 1, 36 =
0.026, P = 0.872), however there was a significant difference in survival between the two
species (F 1.36 = 382.2, P < 0.001 ). Specifically, Ae. albopictus (mean = 0.895 ± 0.090)
had significantly higher survival compared to Cx. coronator (mean = 0. 160 ± 0.14 7)
regardless of treatment.
There were no significant MANOV A effects for development time or adult mass
between the two treatment levels for male or female Ae. albopictus (Pillai' s Trace4 , 15 =
0.054, P = 0.927). Based on ANOVA for Culex coronator, there were no significant
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difference in male development times (F 1, 8 = 0.281 , P = 0.611) or adult mass (F 1, 8 =
0.087, P = 0. 775) nor female development times (F 1,8 = 4.018, p = 0.080) or adult mass
(F 1,8 = 0.122, P = 0. 736) between the two treatment levels.

Survival (Experiment 2)
There was a significant difference in larval survival between the three species
(Chi-Square = 60.466, df = 2, P < 0.001), and there was no significant difference in larval
survival between the two treatment levels (Chi-Square = 0.001, df = I. P = 0.983).
Specifically, Aedes albopictus had significantly higher survival compared to e ither Lx.

corona/or or Cx. quinquefasciatus, while the two Cu/ex species had similar survival
regardless of treatment levels (Fig. 1).
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Figure 1. Survival curves showing average survival across both treatment levels. The
squares represent Aedes albopictus, the circles represent Culex corona/or, and the
triangles represent Culex quinquefascia tus.
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Discussion
Based on my results from Experiment 1, I rejected my prediction that larval
performance with extra food would be higher in the BP treatment level. Although larval
survival was higher for Aedes albopictus than for Culex coronator, both species showed
similar survival whether the larvae were in presence of protozoans of not. Based on my
results from Experiment 2, I also rejected my prediction that larval survival without extra
food would be higher in the BP treatment level. Aedes albopictus had higher survival
compared to both Cx. coronator and Cx. quinquefasciatus, yet survival between the two
treatment levels was not significantly different for any of the three species.
The significantly greater survival in Aedes albopictus compared to both Cu/ex
species may be attributed to the fact that Ae. albopictus requires significantly lower
resources to survive and compete under some conditions, and Ae. albopictus is more
efficient at gathering limited resources (Winters and Yee 20 12). Requiring fewer
nutrients allows the larvae to have a competitive advantage over other larvae, especially
in low resource environments (Winters and Yee 2012). Aedes albopictus has also been
shown to outcompete other species of mosquito in the presence of low resources (Juliano
20 10), another indication of the superior ability of Ae. albopictus larvae to sequester
limiting resources compared to other species.
My results are inconsistent with several previous experiments that have studied
the impacts of mosquito predation on protozoans in containers (Addicott 1974, Kaufman
et al. 1999, Kneitel and Miller 2002, Kneitel and Chase 2004, Kneitel 2007, Hokeman
20 l 0, 2011; Walker et al. 20 l 0). Previously, studies often have found that grazing by
mosquito larvae negatively affected populations and composition of protozoan
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communities, which in tum lead to changes in the abundances and composition of the
bacterial communities (Addicott 1974, Pace et al. 1999, Kaufman et al. 2000, Blaustein
and Chase 2007, Ostman et al. 2008, Hoekman 2011). However, Addicott (1974) and
Hoekman (2011) performed their experiments in pitcher plants (Sarracenia purpurea),
and although tires and pitcher plants are both container systems, the volume of water in
tires is often significantly greater. Thus, the amount of nutrients in the container water I
used might have been sufficient enough to allow the mosquitoes to survive and develop
regardless of the presence or absence of protozoans.
Miller et al. (2002), however, found that increasing the abundance of prey
(protozoans and bacteria) had no effect on the abundance or size of mosquito larvae, a
result consistent with my findings. In their experiment. the authors manipulated the
amount of basal resources (i.e., dead insects) in the pitcher plants, which led to an
increase in the amount of protozoans and bacteria within the pitchers. However, the dead
insects themselves could have also served as an extra food source for the mosquito
larvae. In Experiment 1, the lactalbumin may have served a similar role providing direct
nutrition to larvae. Miller et al (2002) suggested that their results could have been
explained by the quick reestablishment of the mosquitoes in the pitchers, but that would
not have been the case in my experiments as densities were controlled.
Hoekman (20 10) found that top-down effects on protozoan communities due to
predation from mosquito larvae were heavily affected by temperature. In my
experiments, I used a low temperature (20 °C) to reduce protozoan-bacteria competition,
but this may have lead to a decrease in the amount of predation on protozoans. However.
the optimal temperature for protozoan cell division is 29 °C (S leigh 1973), and the cool
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temperatures within the microcosms probably slowed down the feeding of the protozoans
as well. Thus, decreasing the temperature may not have altered the top-down effects of
my system or contributed to a lack of differences between my two treatment levels.
In Experiment 2, I didn' t add any extra food to the microcosms but by changing
the water (and thereby adding more microbes) larvae may have not been food limited,
whether it was from protozoans, bacteria, or disso lved nutrients. Another possible
explanation is that the protozoans may have cysted, thus becoming harder for the
mosquitoes to ingest (Kaufman et al. 2002), and thereby making the addition of this food
source unavailable to the larvae. In addition, although mosquito larvae are predators of
protozoans, the larvae also compete with the protozoans for the same basal food source
(bacteria; Cochran-Stafira and von Ende 1998, Kne itel and Miller 2002). Thus, complex
interactions not studied here may also have contributed to a lack of differences between
treatment levels among species.
Most of the protozoans that were ident ified and quantified within the container
water used in my experiment were less than 50 µmin size (i.e., Bodo), w hich is
consistent with similar protozoan sizes within tires ( Kneitel and Miller 2002, Hoekman
2007, Kneitel 2007, Yee et al. 20 10, Yee et al., unpublished data). I choose a 53 µm sieve
to account for protozoans that I used as prey in other studies (Chapter 4 in thi s thesi s).
This mesh size could have enabled small protozoans that were abundant or protozoans
that have cysted to colonize in the BO containers. leading to no differences between my
two treatment levels. I attempted to account for small protozoans by re-sieving the water
frequently or replacing the water within the containers. Yet, re-sieving the water may
have increased the chances of protozoans getting in the BO containers if the sieve or the
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microcosms were not cleaned out properly when re-sieving the container water.
However, even if such contamination was apparent in the BO treatment levels, these
small protozoans would have had to be highly abundant to provide similar levels of
nutrition as larger protozoan species.
Although I found no differences in larval survival between my two treatments in
either of my experiments, this does not indicate that protozoans are not wholly important.
It has been well documented that there is considerable differences between the
stoichiometric content of the predator and the prey, where the predator is usually nitrogen
limited (Grover 2003, Matsumura et al. 2004, Mitra and Flynn 2005). [n intraguild
predator systems (i.e., mosquito-protozoan-bacteria food webs), the alpha predator
receives an essential nitrogen and carbon source by feeding on the beta predator as well
as the basal prey (Matsumura et al. 2004). Protozoans may be important for sequestering
nutrients that are not supplied by bacteria, fungi, or detritus (Kaufman et al. 2000,
Kaufman et al. 2001 ; Kaufman, personal communication). Protozoans may also be more
important for other performance variables such as development or nutrient acquisition.
Although I did not analyze the data, all of the larvae from the BO cups ranged from 2 11 d to
4th

instars, while larvae from the BP cups were almost exclusively 4 th instars with a single

larva reaching pupation. This suggests that protozoans may have aided mosquitoes in the
sequestering of nutrients or the completion of development in the presence of low
nutrients, effects separate from those measured here (e.g. , survival).
In conclusion, even though my results suggest that protozoans are not important
to mosquito larvae survival or development, it remains a possibility that protozoans are
important for the other factors mentioned above. Future studies could attempt to analyze
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the nutrient composition acquired during their development and attempt to determine
which source of food contributed to the larvae sequestering those nutrients. In my
experiments, I used microorganisms from water collected from containers. In addition,
the use of pure cultures of bacteria and protozoans may reduce the likelihood of
contaminating bacteria only treatments with protozoans and thus serve to test these
hypotheses in a more definitive manner.
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CHAPTER III
BEHAVIORS AMONG FOUR CO-OCCURING SPECIES OF CONTAINER
MOSQUITO LARY AE
Introduction

Predator/Prey Behavior
A predator's foraging behavior influences food-web structure and function,
including affecting changes in prey survival and behavior (Pruitt et al. 2012), and these
behaviors also may cause changes in the structure and function of the prey communities
(Bruno and Cardinale 2008, Schmitz 2009). Different predatory foraging behaviors can
lead to changes in food-webs. For example, food webs with filter feeding predators lead
to greater species diversity overall ancJ greater prey species diversity compared to visually
feeding predators; Lazzaro et al. 2009. Different predatory foraging behaviors also may
lead to different effects on prey species, such as fluctuations in prey populations with
changing predator populations (Brand et al. 1976), increasing or decreasing prey species
richness (Lazzaro et al. 2009), and causing changes to the prey' s behavior and
survivability (Schmitz and Suttle 2001 , Sih et al. 2010).

Mosquito Feeding Behavior
Feeding behavior is defined as the way an organism gathers food, and these
behaviors can change based on location or movement (Merritt et al. 1992). Mosquitoes
feed on microorganisms and particulate organic matter, and most mosquitoes feed by
capturing particles or microorganisms that are suspended in the water column with their
mouthparts (Dahl et al. 1988). Categories of larvae feeding behavior have been based on
two criteria, particle size range of the food item and the general location of the food item
(Merritt et al. 1992). Four functional groups have been recognized in mosquito larvae:
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collecting (separated further into collector-filtering and collector-gathering), scrapping,
shredding, and insectivores (Merritt et al. 1992, Clements 1999). Collector-filterers (e.g.,
Culex, Anopheles, Culiseta) remove particles that are suspended in the water column or
floating on the water surface (Merritt et al. 1992, Clements 1999). Collector-gatherers
(e.g., Aedes and Wyeomyia) feed by removing particles deposited on or loosely connected
to rocks, vegetation, and other submerged surfaces (Merritt et al. 1992, Clements 1999).
Scrappers (e.g., one species of Aedes) feed by removing biofilm and algae that are
attached to the surface of submerged surfaces. Shredders (multiple genera) feed by biting,
tearing, or gnawing off pieces of animal and plant detritus, whereas insectivorous larvae
(e.g., Toxorhynchites and Psorophora) feed by engulfing other insects (Merritt et al.
1992, Clements 1999). All species included in this study fall in the collector group. When
analyzing the feeding behavior of a mosquito larva, three things are measured: (1) the
type of behavior the larvae is performing (i.e., activity), (2) where within the water
column the behavior is taking place (i.e., location), and (3) the length oftime the larvae
exhibits the behavior (Martin and Bateson 1986, Juliano and Gravel 2002).
Although mosquito larvae exhibit a primary feeding behavior, some can adjust
their behavior depending on the food source. For example, Aedes sierrensis larvae within
tree holes are effective at collecting-filtering and collecting-gathering, a term called preyswitching (Eisenberg et al. 2000). In laboratory experiments, Aedes albopictus, Ae.
triseriatus, and Culex pipiens larvae fed predominately by collecting-gathering if leaf
detritus was present; however, they predominately fed by collecting-filtering in systems
where detritus was unavailable (Yee et al. 2004b). In an experiment with Ae. albopictus
and Ae. triseriatus, Ae. albopictus larvae spent more time feeding on animal detritus
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compared to Ae. triseriatus (Kesavaraju et al. 2007). For Ae. sirrensis larvae, fourthinstar larvae spent more time filtering than second-instars, and predation on protozoans
by way of collecting-filtering decreased when a food source that could be acquired by
collecting-gathering was present (Eisenberg et al. 2000). Thus, mosquito larvae can
exhibit multiple feeding behaviors depending on the food source even if the larvae have
an optimal feeding behavior.
Depth Associations
Mosquito larvae may change their foraging activity and feeding behavior while
suspension feeding when confronted with structural changes in the environment. Water
depth in particular plays an important role in regulating population dynamics of
mosquitoes (Lester and Pike 2003), and changes in depth in aquatic habitats could
potentially control for breeding sites in vector species (i.e., Anopheles; Mutero et al.
2000). Water depth also affects survival, development time, and accumulation of reserves
(e.g., mass) in mosquito larvae (Timmermann and Briegel 1993, Juliano and Stoffregen
1994, Briegel 2002). Briegel (2002) showed that several species of mosquitoes (e.g., Ae.
aegyptii and Cx. pipiens) had lower survival in deeper containers than in shallower
containers. Juliano and Stoffregen (1994) showed that individual Ae. triseriatus larvae
developed faster and had lower mass in shallower microcosms than in deeper
microcosms. Thus, depth and other structural changes play important ecological roles in
the performance of larval mosquitoes.
Objective and Hypothesis
In this chapter, my objectives were to determine if there are differences in feeding
behavior between and within four species of container mosquitoes. I hypothesized that
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differences in feeding behavior of larval mosquitoes between genera were different than
differences in feeding behavior within genera. Based of current knowledge,' I predicted
'

that differences in behavior would largely manifest in location and feeding differences,
with Culex mosquitoes spending more time filter-feeding at the surface of the container,
and Aedes mosquitoes spending more time browsing on surfaces (Merritt et al. 1992, Yee
et al. 2004b).
Methods
To determine if behaviors differ among four different focal mosquito species (Cx.

coronator, Ae. albopictus, Cx. quinquefasciatus, Ae. triseriatus), I recorded behaviors in
the laboratory under different environmental conditions. Culex coronator larvae (F4 or

F 5), Aedes albopictus larvae (F 1) , Culex quinquefasciatus larvae (F2 or F3), and Aedes

triseriatus larvae (F 1) came from egg rafts produced from colonies originally collected
from the field. Culex coronator was collected from Lamar, Mississippi, Ae. albopictus
was collected from locations no more than 145 miles from Hattiesburg, Mississippi, and

Cx. quinquefasciatus and Ae. triseriatus were collected from Hattiesburg, Mississippi.
Larvae used in behavioral trials were reared to either 3rd or 4th instars (Ae. albopictus, Cx.

quinquefasciatus, and Ae. triseriatus), whereas Cx. coronator larvae were 2n\

3rd,

or 4th

instars: 12% of the larvae used were 2nd instars. Early instars were used for this species
due to the slower development times compared to other species and low numbers of later
.instars available at the start of the behavioral observations.
Experiment microcosms consisted of 50 ml beakers filled with water and
microorganism inoculum (hereafter, inoculum) created in the laboratory. The inoculum
was created 72 hrs prior to the start of the experiment by filling a container with 4 cm of
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reverse osmosis (RO) water, adding senescent leaves, dried flies, and spoonfuls of 50/50
Lactalbumin-yeast mixture. Water levels were set at two depths: 50 ml (hereafter deep) or
25 ml (hereafter shallow) of RO water and 0.1 ml of inoculum. Different volumes were
used to determine if feeding behavior changed with different container depths.
Microcosms held one of three detritus types known to elicit different behaviors
among container larvae (Yee et al. 2004b, Kesavaraju et al. 2007). Detritus consisted of
either senescent live oak leaves (Quercus virginiana) collected from Lake Thoreau
(hereafter leaves), dried vinegar flies (Drosophila melanogaster; hereafter animal
detritus), or microorganisms and an inert material (strips of thin plastic). The inert
material was used so that all behavior locations (i.e., detritus) existed in all treatment
combinations. Detritus was dried for at least 48 hrs at 80°C to remove water. Detritus was
soaked in 50 ml of water 48 hrs prior to the start of the experiment, and larvae were
starved 24 hrs before the start of the experiment. Each species (4), detritus (3), and depth
(2) combination were replicated 19 times for a total of 456 experimental units. Recording
of replicates were split between two days (i.e., 10 on day 1 and 9 on day 2).
Behaviors were recorded using a Sony HD 40 GB Handycam. During each run of
the behavioral recordings, eight microcosms were recorded undisturbed in an empty room
for 30 min. No individual larva was used more than once for recording. The videotaping
process was repeated until all microcosms had been recorded. Recordings were viewed to
generate instantaneous scan census of the mosquito 's behavior and location oflarvae
every minute.
Activities recorded included browsing (movement along a surface using its
mouthparts), filtering/resting (movement within the water column using its mouthparts or
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larva not moving), and thrashing (movement through the water column by energetic
lateral flexations of the body; Juliano and Reminger 1992). Locations included the
surface (the larvae ' s siphon in contact with the water-air interface), middle (larvae
located > 1 mm from the wall, the water surface, and any detrital surface), wall (larvae
located < 1 mm from the wall of the container), bottom (larvae located on the bottom of
the container and not touching the detrital surface), and detritus (larvae in contact with
the detrital surface or inert material; Juliano and Reminger 1992).

Statistical Analysis
For statistical analysis the proportion of the time spent performing each behavior
was transformed using an arc-sin transformation given that proportional data often fail to
meet assumptions. Because some behaviors are correlated with one other, or some
behaviors only exist at certain locations, a principal components analysis (PCA) was
performed on the transformed data to extract uncorrelated axes of behaviors (Juliano and
Gravel 2002). Principal components (PCs) with Eigenvalues 2:.1.0 were retained for
further analysis, whereas those with values <1.0 were ignored (Hatcher and Stepansky
1994). The PC axes were then be used as dependent variables in a MANOVA with water
depth (50 ml or 25 ml), detritus type (leaf, animal, microorganisms + inert material),
species (Cx. coronator, Ae. albopictus, Cx. quinquefasciatus, A e. triseriatus) and their
interactions as independent factors. Standardized canonical coefficients was used to
identify the dependent variable(s) responsible for significant MANOVA effects (Scheiner
2001). Tukey's HSD post-hoc analysis was used to determine if there are differences in
feeding behavior as measured by PC axes.
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Results
PCA yielded three important axes that summarized 82.9% of variation in
behaviors (Component 1 = 41.80%, Component 2 = 27.48%, Component 3 = 13.53%).
Component 1 separated mosquitoes who were browsing at the detritus (positive scores)
from those who were resting/filtering at the surface (negative scores; Table 1).
Component 2 separated mosquitoes who were thrashing, in the middle, or at the wall
(positive scores) from those who were at the surface (negative scores; Table 1). Finally,
factor 3 separated mosquitoes who were thrashing or in the middle (positive scores) from
those who were at the surface (negative scores; Table 1).
Table 1
Rotated factor pattern produced from .the PCA from mosquito behaviors

Component 1

Component2

Component 3

Resting/Fii tering

-78

-52

-24

Thrashing

0

51

66

Browsing

94

19

-21

Surface

-69

-37

-56

Bottom

-6

64

38

Wall

22

82

-17

Middle

-10

-11

90

Detritus

90

-34

-16

There were significant differences in behaviors among the three detritus types
(Pillai ' s6, 834 = 8.28, P < 0.0001) and the four species (Pillai's9, 1254 = 4.17, P < .0001), as
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well as a significant interaction between depth and detritus type (Pillai 's6, 834 = 2.60, P =
0.0166). There was no significant difference in behavior between the two depths
(Pillai ' s3, 416 = 0.04, P = 0.9893), and there was no significant interaction between detritus
and species (Pillai's 1s, 1254 = 1.33, P

= 0.1587), species and depth (Pillai ' s9, 1254 = 0.30, P

= 0.9746), nor the interaction among all three independent factors (Pillai's1s, 1254 = 1.34, P

= 0.1564).
For the significant effect of species, both Component 1 (Standardized canonical
coefficient (SCC) = 0 .8111) and Component 2 (SCC = 0.6330) explained the most
variation. For Component 1, there were no differences in behaviors within each genus,
but there was a significant difference in behavior between Culex and Aedes species (Fig.
2). Specifically, Aedes mosquitoes spent more time browsing on detritus, whereas Culex
mosquitoes spent more time resting/filtering at the surface (Fig. 3). For Component 2,
there were also no differences between species within the same genera, or between Cx.

coronator and both Aedes species, while there was a significant difference between Cx.
quinquefasciatus and both Aedes species (Fig. 3). In general, Aedes albopictus spent
more time thrashing, at the wall, or in the middle, whereas Cx. quinquefascitus spent
more time at the surface, with other species displaying intermediate behaviors (Fig. 3).
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For the depth by food treatment interaction, again both Component 1 (SCC = 0.6270) and Component 2 (SCC = 0.7493) were large compared to Factor 3 (SCC =
0.43 19). Based on Component 1, larvae spent more time browsing in shallow leaf
environments, but larvae exhibited combinations of behaviors in the other environments
(Fig. 3). Larvae spent more time at the surface in leaf and shallow environments, spent
more time thrashing, in the middle, or at the bottom in animal and shallow environments,
and exhibited a combination of behaviors in the microorganism only environments, deep
leaf environments, and deep animal environments (Fig. 3).
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Discussion
Based on my results, my hypothesis of differences in behavior between the four
species of mosquito larvae was partially supported. Specifically, differences in behavior
between Aedes and Culex mosquitoes were significantly greater than differences between
individual Culex species or individual Aedes species. My prediction was also partially
supported, in that Culex species often spent more time filtering/resting, whereas Aedes
larvae often spent more time browsing on detritus. These findings were consistent with
other studies that have investigated larval behavior between these same genera (Yee et al.
2004b). Aedes larvae may spend more time browsing due to the fact that the larvae may
receive certain phagostimulants as cues that allow the larvae to locate where
microorganisms are located (Merritt et. al. 1992, Clements 1999, Yee et al. 2004b). In

Culex larvae, phagostimulants in the water cause the larvae to spend more time beating
their mouthparts (Dadd 1970, Merritt et al. 1992). In my experiments, I observed some

Culex larvae spend time filtering near the detritus, suggesting that they may have picked
up some phagostimulant cues in the water column.
For non-feeding behaviors and locations (Factor 2, Fig. 2), Cx. coronator was not
significantly different in terms of behaviors than either of the Aedes species. A plausible
explanation is that there are most likely differences in non-feeding behaviors between
species within the same genus. Another plausible explanation is that Cx. coronator and

Cx. quinquefasciatus are non-container species that use containers (Dyar and Knab 1906,
Arnett 1950, Subra 1980), and thus the larvae may exhibit different behaviors compared
to other Culex in these non-typical environments. Similarities between Cx. coronator and
the two Aedes, as well as Cx. quinquefasciatus, may also be due to differences in
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behavior between different developmental stages (Juliano et al. 1993, Eisenberg et al.
2000). Due to a lack of sufficient later instars, a small percentage ( 12%) of the Cx.
coronator larvae were early instars. However, it is unlikely that this percentage would
have influenced the overall results, given the similar variation around the mean
behavioral responses compared to other species (Fig. 2).
Although there were strong differences in some behaviors between the genera,
these differences were not rigid across different food environments. For instance, all
larvae changed their behavior equally across the different food and depth environments, a
result consistent with the findings of Yee et al. (2004a, 2004b). However, they also found
that their species changed their behavior from filtering to browsing when given a leaf
surface (Yee et al. 2004b), which is in contrast to my findings. Specifically, larvae did
not browse at the same rate in animal detritus compared to leaf only environments (Fig.
3). One possible reason for animal environments not eliciting as much browsing is that
the vinegar flies did not sink in most of the containers, perhaps leading to larvae filtering
more. Workman and Walton (2003) observed that Culex larvae filtered more at the
surface in high quality environments than in low quality environments, perhaps as this
gave these animals the advantage of also maintaining access to the atmosphere for
breathing. Animal detritus is a higher quality food source than leaf detritus (Yee et al.
2007), thus larvae may have only needed to filter feed in animal environments to gain the
same access to food as browsing in leaf envionments.
My results also differed from those of Walker and Merritt (1991) who observed
that Ae. triseriatus spent more time browsing at or near the surface, while I observed both
Aedes species spending more time browsing on detritus. Walker and Merritt (1991)
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observed multiple larvae in one container, which could have led to larvae being forced to
browse at the surface in order to avoid competition or for space considerations. My
results also differed from those of Kesavaraju et al. (2007) who observed that Ae.
triseriatus and Ae. albopictus spent more time browsing at an animal patch when given a
choice between leaf and animal detritus. In my experiment, both Aedes species spent
more time browsing on a leaf compared to animal detritus, although these types of
detritus were not offered in a choice experiment. Increased browsing on leaves over
animal carcasses could be explained by the fact that leaves were much larger than vinegar
fly carcasses, and could have provided a stronger phagostimulant cue for browsing during
the limited time the larvae were in the containers. My experiment showed that different
Aedes species did not differ in their b\;!havior, while other experiments (Yee et al. 2004b,
O'Donnell and Armbruster 2007) differences between different Aedes species have been
found. These experimental differences suggest that larval behavior is flexible even
between species in the same genus.
Besides differences between my experimental outcomes and other studies, I
limited my behavior categories to 3 (resting/filtering, browsing, thrashing), whereas
Walker and Merritt (1991) observed and recorded autogrooming as well. This behavior is
defined when a larva flexes in order to clean its mouthparts or siphon. However, the
larvae also may be inadvertently feeding on particles that were trapped on the siphon or
hairs on the body. I observed larvae performing this behavior, but I included it in the
resting/filtering category. Had I recorded this as a separate behavior, I likely would have
still seen differences between the two genera but differences between the two Aedes
species may have been apparent, as autogrooming was usually observed in Ae. triseriatus
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larvae. Categorization of behaviors is challenging, especially as larvae likely exhibit a
range of behaviors between the rigid categories often used by observes.
My experiment has shown that there are significant differences in behaviors
between Aedes and Culex mosquitoes. Because defining and classifying different
behaviors is difficult (Merritt et al. 1992), certain sets of larval behaviors should not be
delegated to one genus or another (Walker and Merritt 1991 ). This is evidenced by the
fact that Cx. coronator exhibited some similar behaviors as Aedes species, and that all
four species changed their behavior equally among the different food and depth
environments. Differences in behavior and flexibility in feeding behavior may lead
different species to either be competitively dominant over other species (i.e., Ae.
albopictus over Ae. aegypti; Yee et al. 2004a), better at avoiding predators (Sih 1986,
Grill and Juliano 1996, Kesavaraju and Juliano 2004), or have increased survival in
general (Kesavaraju et al. 2007). Differences in behavior may also lead certain mosquito
species to favor certain prey or certain sizes of prey over others. More studies on feeding
behavior are needed to fully understand the differences among mosquito species, to
determine the mechanisms for why certain species behave one way over another, and
why behaviors change in different environments.
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CHAPTER IV
PERFORMANCE OF TWO SPECIES OF CONTAINER MOSQUITO LARVAE IN
THE PRESENCE OF THREE GENERA OF PROTOZOANS: PREY SIZE AND
PREDATOR BEHAVIOR EFFECTS
Introduction
Predator-Prey Interactions

In natural systems, it is assumed that both predator and prey populations are
controlled and limited by their individual resources. However, prey populations are often
controlled more by their predators than by their resources (Hariston et al. 1960).
Predator-prey interactions in turn can have major impacts on the prey populations,
dynamics of the community, and entire ecosystems (Obemdorfer et al. 1984, Polis and
Strong 1996, Lima 1998, Moya-Larano 2011). Predator effects also take place in
container systems, where mosquito grazing heavily reduces populations of protozoans
and other microorganisms. Reductions in protozoan populations in tum have major
effects on bacterial abundance and composition due to reduced grazing from protozoans
(Addicott 1974, Pace et al. 1999, Kaufman et al. 2000, Blaustein and Chase 2007,
Ostman et al. 2008, Hoekman 2011 ).
Predators control prey populations through direct or indirect affects (Morin 2011).
Direct effects occur when the predator consumes the prey (Ricklefs and Miller 2000)
whereas indirect effects may occur when the predator causes its prey to change its
behavior or morphology (Werner et al. 1983, Juliano and Reminger 1992, Suhonen 1993,
Lima 1998, Schmitz 1998, Kaufman et al. 2002). Changes in prey behavior often can lead
to prey having reduced survival and reproduction (Nelson et al. 2004), but behaviors of
both predators and prey can have effects on their populations (Pritchard 1965, Pruitt et al.
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2012). Prey species have the highest chance of survival if they can change their behavior
to correspond with the changes in the predator's behavior. For example, Kesavaraju and
Juliano (2004) showed that Aedes triseriatus larvae change their behavior in the presence
of the predator Toxorhynchites rutilus, thus increasing their chances of survival, whereas

Aedes albopictus showed no behavioral flexibility under the same situations. In contrast,
predators may have reduced capture rates and survival when confronted with different
prey behaviors (Pritchard 1965), and thus predators may benefit more from having plastic
behavioral responses instead of relying on a search image or only one behavior (Ishii and
Shimada 2010). In container systems, some mosquitoes can change their feeding
behavior depending on the food source (Eisenberg 2000, Yee et al. 2004b, Kesavaraju et
al. 2007). Thus, the prey and the predator can increase their chances of survival if they
alter their behaviors in response to the one another.

Size Selection
Although some predators exhibit generalist feeding behaviors, many predators are
more selective in their prey choices. For example, DeMott (1982) showed that Bosmina
would feast heavily on Chlamydomonas algae over bacteria when Chlamydomonas
concentrations were low. Roa (1992) showed that the sea urchin Tetrapygus niger fed
more selectively on the algae Ulva nematoidea over two other alga species. There is
evidence that these opportunistic predators can change their prey seeking behaviors to be
more selective in prey choices under certain conditions (Brooks and Dodson 1965, Hall et
al. 1976, Biro et al. 2004). Some body sizes of prey have been selected against to
decrease the risk of predation (Brooks and Dodson 1965, Hall et al. 1976, Biro et al.
2004). For example, experiments with alewife (Alosa pseudoharengus), rainbow trout
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(Oncorhynchus mykiss), and yellow perch (Percaflavenscnes) show that these predators
prefer to feed on the largest available prey and will lose interest if the prey gets below a
certain size (Brooks and Dodson 1965, Hall et al. 1976, Allan et al. 1987, Biro et al.
2004). Such changes in prey size affects the structure and function of food webs (Chase
1999).
Mosquito larvae primarily feed by non-selective suspension feeding via lateral
palatable brushes (Merritt and Craig 1987, Dahl et al. 1988, Rashed and Mulla 1990,
Merritt et al. 1992, Dahl et al. 1993 ). Thus, larvae may be more limited in their prey
choices by their morphology then by the larvae actively selecting their prey. For example,
Dadd ( 1971) showed that

1st

instar larvae of the mosquito Culex pipiens did not ingest

particulates that were greater than 45 µm , and that almost no

2nd

instar larvae fed on

particulates that were greater than 91 µm. Pucat (1965) showed that the majority of food
particles found in the guts of Aedes fitchii and Culiseta inornata larvae fell in the size
range of 10-40 µm, even though other sized particles were available. Dahl et al. (1993)
showed that Ae. aegypti fed more on larger particles than Cs moristans or Cx.

quinquefasciatus, yet the differences in particle selection was related to morphology and
feeding behavior. However, Walker et al. (1988) found that some species of mosquito
larvae (e.g., Anopheles quadrimaculatus) showed a preference for feeding on larger food
particles compared to other species (e.g., Ae. triseriatus; Walker et al. 1988). Walker and
his colleagues ( 1988) also showed that mosquito larvae could be selective in size and
shape of prey. In addition to size selectivity, certain invertebrate species (i.e., mosquitoes
and Daphnia) will also change the rate at which they filter feed with changing particle
size, which may lead to food selectivity (Dadd 1970, Berman and Richman 1974, Rashed
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and Mulla 1989). Thus, mosquito larvae may have differential affects on prey populations
or communities if they negatively impact some prey over others.

Objective and Hypothesis
In this chapter, my objectives were to answer the following questions: (A) do
differences in protozoan size affect larval survival and (B) do differences in protozoan
size affect mean larval instar? I hypothesize that (A) differences in prey size will affect a
predator' s ability to survive and (B) differences in prey size will affect a predator' s mean
instar. Based on current knowledge, I predict that (A) differences in protozoan size will
lead to different effects on mosquito larvae survival and (B) differences in protozoan size
will lead to different effects on mean mosquito larvae instar.
Methods

Protozoan Rearing
Stock cultures of protozoans (Blepharisma, Paramesium, Colpidium) were
purchased from ScienceKit.com and placed in 400 ml tripour microcosms in an incubator
set at 20°C (temperature to remove competition with bacteria; J. Kneitel, personal
communication). The protozoans were fed with a few small spoonfuls of a 1: 1
Lactalbumin-yeast mixture. Initial colonies were used to generate multiple colonies via
dilution. The process of dilution continued until the start of the experiment. Protozoan
populations were monitored by viewing under a dissecting microscope.

Experimental Set-up
The purpose of this experiment was to determine if differences in protozoan size
affects A) larval survival and B) average larval instar. For this experiment, I used Culex

quinquefasciatus and Aedes albopictus. Aedes albopictus larvae (F 1) came from eggs
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produced from colonies originally collected from within 145 miles from Hattiesburg,
Mississippi. Culex quinquefasciatus larvae (F 1) came from egg rafts produced from
colonies originally collected from Hattiesburg, Mississippi.
The experimental microcosms consisted of 250 ml tripour beakers filled with 120
ml of reverse osmosis (RO) water and 120 ml of water containing protozoans. Relative
protozoan densities were monitored before (all cups), during (protozoan only cups), and
after (protozoan only cups and 24 experimental cups) the experiment by viewing
protozoans in a Sedgewick rafter cell under a compound microscope. Microcosms were
placed in trays with 21 per tray and placed into an incubator (20 °C; 12: 12 light:dark
cycle). Water was added to the microcosms daily as needed to maintain water levels.
Each microcosm consisted of one of seven treatments of protozoan prey,
Paramecium (100 µmin size), Blepharisma (110 µmin size), and Colpidium (50 µmin
size) alone, Paramecium+Blepharisma, Paramecium+Colpidium,
Blepharisma+Colpidiumr, and all three species together. Protozoans were expected to
feed on the bacteria that had been colonized from cultures. To assess any effect of
protozoan survival in the absence of predators, I established five replicate controls of
each protozoan combination.
Larvae of both predator species were hatched in RO water mixed with 0.45 grams
of nutrient broth and were added to the microcosms at the same time as protozoans.
Larvae occurred in the following five densities (Cx. quinquefasciatus: Ae. albopictus):
0:0, 0: 10, 10:0: 0:20, 20:0. Each prey type (7) and predator density combination (5) was
replicated five times for a total of 175 experimental units.
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After pupation, individual pupae were placed into a glass shell vials until they
eclosed. After the adult had emerged, the sex, species, and eclose date of the adult was
recorded, and the adult was placed in a drying oven at 50 °C for 2: 48 hours. Dried adults
were then weighed to the nearest 0.0001 mg using a XP2U ultra-microbalance (MettlerToledo Inc., Columbus, OH, U.S.A). Larval survival was recorded by assessing how
many larvae survived to the end of the experiment. In addition, larvae that were alive at
the end of the experiment were identified to instar
Statistical Analysis
Before conducting parametric tests, a Shapiro-Wilk test was conducted in order to
test the assumptions of normality, and a Bartlett's test was conducted to test the
assumption of homogenous variances. The level of significance was adjusted (P = 0.025)
in order to reduce the likelihood of committing Type 1 error due to multiple tests on the
same data set. For statistical analysis, analysis of variance (ANOVA) was used to test for
the effects of prey treatment, predator density, species, and their interactions on larval
survival and mean instar, separately, for both species. A non-parametric MANOVA on
the effects of density, prey, and species on survival and mean instar was performed in
order to determine if major transformations to the data changed the significant outcomes.
Because few adults emerged from each cup statistical tests for development time and
adult mass could not be conducted.
Results
Mean instar data for both Culex quinquefasciatus and Aedes albopictus was
transformed using a 1/(V(x+ 1)) transformation to meet assumptions of normality. For
mean instar, there were no significant differences between the two densities or seven prey
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combinations, 2 or 3-way interactions; however there were significant differences
between species (Table 2). Specifically, Ae. albopictus (mean= 3.094 ± 0.687) had
significantly higher mean instar compared to Cx. quinquefasciatus (mean = 0.504 ±
0.727) regardless of prey combinations.
Table 2

Results from ANOVA on mean larval instar for two densities ofAe. albopictus and Cx.
quinquefasciatus in the presence ofseven prey combinations

df

F

P-value

Density (D)

1

1.652

0.201

Prey (P)

6

0.557

0.764

Species (S)

1

160.349

<0.001

DxP

6

0.240

0.963

DxS

1

0.166

0.685

PxS

6

1.825

0.100

DxPxS

6

1.182

0.321

Survival data for both Cx quinquefasciatus and Ae. albopictus were transformed
using a [(asin("1(x)))+ l]-2·8 transformation in order to meet assumptions of unequal
variances. For survival, there were no significant differences between prey combinations,
2 or 3 way interactions; however there was a significant difference between species and
densities (Table 3). Specifically, Ae. albopictus (mean= 0.140 ± 0.072) had significantly
higher survival compared to Cx. quinquefasciatus (mean = 0.014 ± 0.024), while there
was significantly less survival in high density microcosms (mean= 0.047 ± 0.048) than in
low density microcosms (mean= 0.107 ± 0.096) for both species. The results of the non-
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parametric MANOV A were similar to those obtained from the parametric tests. More
specifically, there were significant differences in mean instar and survival between
species (F 1, 11 2 = 160.105, P = 0.010) and densities (F1, 112 = 6.366, P = 0.020).
Table 3

Results from ANO VA on survival for two densities ofAe. albopictus and Cx.
quinquefasciatus in the presence of seven prey combinations

df

F

P-value

Density (D)

1

7.940

0.006

Prey (P)

6

0.639

0.698

Species (S)

1

176.819

<0.001

DxP

6

0.240

0.962

DxS

1

0.955

0.331

PxS

6

1.509

0.181

DxPxS

6

1.041

0.403

Protozoans in controls survived to the end of the experiment. Prior to the start of
the experiment all three species were alive. During the experiment, it appeared that

Colpidium had the highest densities, followed by Blepharisma, and then Paramecium,
with all three species having similar survival at the conclusion of the experiment in
controls. Mosquitoes did appear to feed on protozoans, as few protozoans were found in
the microcosms with mosquitoes at the end of the experiment. In five of the microcosms
(two contained Blepharisma and Colpidium, two contained Paramecium, Blepharisma,
and Colpidium , and one contained Paramecium and Colpidium) checked at the end of the
experiment, only Colpidium survived.
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Discussion
Based on my results, I rejected Hypothesis A that differences in two prey sizes
will affect a predator's ability to survive. However, Aedes albopictus did have higher
survival and mean instar compared to Cu/ex quinquefasciatus for all prey combinations,
and there were differences in survival between the two predator densities for both
species. This species and density effect on survival suggests that there could be prey size
effects that only lead to differences in predator species and densities regardless of the
prey combination. I also rejected Hypothesis B that differences in two protozoan sizes
will lead to different effects on mean mosquito larvae instar. Aedes albopictus reached a
significantly higher mean instar than Cx. quinquefasciatus, for all prey combinations, but,
unlike larval survival, there was no significant difference in mean instar between the
densities. This suggests that prey size may be variable in what it affects. For example,
prey size and concentration could affect the rate at which the mosquito larvae can
effectively filter feed (Dadd 1971). Because I was not able to continuously add
protozoans to the microcosms, low food availability may have contributed to no
differences between my seven prey combinations (i.e. , all combinations may have been
limiting). Aedes albopictus has been shown to require fewer nutrients than some Cu/ex
species (Winters and Yee 2012), and thus, larval Ae. albopictus may have survived and
reached a higher mean instar even in the presence of low prey abundances.
My experiments suggest that mosquito larvae are not selective in their choice of
protozoan prey. This outcome may be explained if selectivity only comes at high and
diverse prey densities, or if larvae are just generalist predators. Eisenberg et al. (2000)
and Kaufman et al. (2002) both classify container mosquito larvae as having a generalist
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feeding strategy, with larvae having negative effects on microorganism populations now
matter the size or quality of the prey. Yet, Eisenberg et al. (2000) did find differences in
feeding between different instars, indicating that there may be the possibility of
selectivity between different stages of mosquito larvae. As mosquito larvae are
considered collector-gatherers, they have mouthparts that are optimized to consume
particles ranging from 45 µm to 1000 µm (Cummins and Klug 1979, Wallace and Merritt
1980, Merritt et al. 1996). As all of the prey species I used in my experiment were within
this particle range, larvae may have fed on the protozoans without regard to prey size.
Prey selection, however, has been documented in many taxa, including other
dipteran families (i.e., Simuliidae, Chironomidae; Merritt and Wallace 1981) and other
insect orders (i.e., Trichoptera; Merritt and Wallace 1981, Peterson 2006). For example,
Peterson (2006) showed that the caddisfly, Neophylax autumnus, fed more selectively
and successfully on large, high-quality diatoms. Peterson (2006) analyzed for selectivity
by comparing diatom populations that were eaten by the caddisflies (Neophylax

autumnus) to diatom populations within the system, while I only examined protozoan
survival and did not examine larval feeding. Most of these collecting-filtering species
mentioned above feed on particles in a size-dependent fashion (Cummins and Klug
1979), but mosquito larvae do not seem to do so.
Although there were no differences in larval survival or mean instar among the
seven prey combinations, I was unable to measure all of the variables of mosquito
performance (i.e., development time, mass, survival) due to low eclosion rates. The low
eclosion rates likely are attributed to low food abundance or intraspecific competition
between larvae for limited food resources. In the future, higher densities of prey could be
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offered to understand if different prey combinations affect larval development or adult
mass. In my experiment, larval survival in both species was higher, although not
significantly so, in microcosms with Colpidium. My results indicate that mosquito larvae
don't appear to make specific prey choices under the experimental circumstances as there
was no difference in survival or mean instars among the different prey combinations
used. In the future, studies should further investigate whether mosquito larvae are
selective by possibly using additional prey combinations or testing if larvae show
preferences for bacteria, protozoans, or detritus as a food source; higher densities of prey
also could be offered to increase the production of adult mosquitoes.
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